A B S T R A C T
Plaque instability represents major concerns among patients with atherosclerotic cardiovascular disease. Studies have reported that clinical events, including stroke and myocardial infraction, are the result of plaque rupture rather than luminal narrowing. [1] [2] [3] [4] Plaque vulnerably is thought to be the result of core thinning and necrotic core formation. [5] [6] [7] Thin-capped plaques in coronary and carotid arteries usually are considered more susceptible to rupture. 8, 9 In addition, increased infiltration of inflammatory macrophages and presence of necrotic cores-composed of abundant apoptotic cellsare thought to contribute to plaque vulnerability.
Vascular smooth muscle cells (VSMCs) and macrophages are major cellular drivers of atherosclerotic plaque development. VSMC have migrative, proliferative, and matrix-producing properties that contribute to intima thickening and fibrous cap formation. 10 On the other hand, macrophages are plastic cells that can change between a proinflammatory (M1) and tissue-repairing state. Studies suggest that M1 macrophages are more abundant in rupture-prone plaque areas. 11 Resistin is an adipokine secreted from macrophages that has proinflammatory properties. We have found that resistin is associated Presented at the 12th Annual Academic Surgical Congress in Las Vegas, NV, February [7] [8] [9] 2017 .
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with increased inflammatory profiles in patients undergoing carotid surgery interventions. 12 In addition, our in vitro studies show that resistin promotes an M1-like phenotype in macrophages, and that it induces VSMC dysfunction. 12 , 13 We also demonstrate that protein kinase C epsilon (PKCε) is an important upstream modulator of resistin action in VSMCs and macrophages, mediating downstream signals that lead to exacerbated cellular dysfunction and inflammation. However, our work thus far has only focused on single cell types.
In this study, we address for the first time how physiologic levels of resistin affect VSMC and macrophages in the presence of cellto-cell communication and interactions. We use indirect and direct co-culture models to investigate the effects of resistin in the presence of paracrine (cellular secretions) and direct cell-cell contact. Because cellular apoptosis and inflammation drive detrimental changes of plaque stability, we concentrated on cellular proliferation, inflammation, and death.
Materials and Methods

Cell culture: growth and differentiation
Human coronary artery smooth muscle cells or VSMCs from Genlantis were used at passages 5 to 8 for experiments. Peripheral blood mononuclear cells were collected from buffy coats of healthy control male donors (Stanford Blood Center, Palo Alto, CA), age >20 using the Ficoll-Paque density gradient method. Then, monocytes were isolated using negative magnetic sorting (Stemcell Technologies, Vancouver, Canada). Population purity was assessed with flow cytometry by conjugating a sample of sorted cells to CD14-FITC antibody (Invitrogen, Carlsbad, CA). Cells were differentiated to macrophages during a 7-day culture in Roswell Park Memorial Institute Medium media supplemented with 10% Fetal Bovine Serum and 100 ng/mL of macrophage colony stimulating factor (PeproTech, Rocky Hill, NJ). Effective macrophage differentiation was confirmed by immunocytochemistry as described below. Differentiated macrophages were then treated with resistin. All macrophage cultures (including untreated control) had their media removed after the differentiation period and washed twice with PBS. Then, these were treated with/without respective modulators in media containing 0.5% FBS based on our findings that this concentration of FBS alone has minimal effect on VSMC proliferation or apoptosis.
Cell treatments
Human recombinant resistin (PeproTech) was used to treat cells. We chose a 10 ng/mL resistin concentration based on a previous study by us suggesting that this concentration promotes proinflammatory macrophage polarization. 12 The PKCε-specific inhibitor εV1-2 (from Dr Mochly-Rosen Laboratory, Stanford University) was used at 1 μM concentration, 13 with a 30 minutes pretreatment prior to the addition of resistin.
VSMC and macrophage co-culture systems Indirect co-culture
VSMCs were seeded in 6-well plates and starved for 24 hours. Differentiation media was removed from macrophage cultures, and the cultures were washed twice with PBS. Then these were treated with resistin, with or without εV1-2, for 24 hours in media containing 0.5% FBS. Conditioned media (CM) from macrophages (MΦ) was collected, centrifuged to remove residual debris, and used to treat the starved VSMCs. Our recent review proposed that coculture systems with VSMC:MΦ ratios of 1:4 to 1:5 potentially represent scenarios found in vulnerable/thrombotic stages of atherosclerotic plaques.
14 Hence, this indirect co-culture was performed at a 1:4 VSMC:MΦ ratio (2.5x10 5 VSMCs were treated with CM from 1x10 6 MΦ) for 24 hours. VSMCs then were assessed proliferation or gene expression changes.
Direct co-culture
After respective VSMC starvation or macrophage differentiation, cells were cultured together in media containing 0.5% FBS. Several VSMC:MΦ ratios were assessed prior to testing treatments, which included 1:1, 1:2, 1:4. 1:6, 1:8, and 1:10. Based on these results and in our previous report, 14 we used the 1:4 ratio for the cell treatments. Co-culture was performed for 24 or 48 hours, and cells were assessed for proliferation, apoptosis, and gene expression.
Real-time polymerase chain reaction
Total RNA from cultures was isolated using TRIzol according to standard protocols. SYBR green PCR master mix was used for real time PCR. Human primers are listed in Table. real-time polymerase chain reaction (RT-PCR) was performed in a Mastercycler RT-PCR detection system (Eppendorf, Westbury, NY). The relative level of target gene in each group was normalized against internal housekeeping gene GAPDH using the calculation formula of 2
ΔCT(GAPDH-target)
. The target gene levels in drug treated groups were further normalized against the control group.
BrdU proliferation assay
The BrdU (5-bromo-2'-deoxyuridine) incorporation assay was used to detect proliferation changes. BrdU (Thermo Fisher Scientific, Waltham, WA) at 10 μM was added at the start of the coculture for incorporation into newly synthesized DNA during the co-culture period. Cells were then processed for flow cytometry and labeled with APC-conjugated anti-BrdU antibody (Affymetrix, Santa Clara, CA). Flow cytometry was performed using the BD LSR II Flow Cytometer, following standard protocols and manufacturer's recommendations, with 10,000 events per replicate. 
Gene
Forward Reverse
Apoptosis assay
The Annexin V-FITC apoptosis detection kit was used (SigmaAldrich, St. Louis, MO) in the direct co-culture according to the manufacturer's instructions. Cells were processed for flow cytometry and they were probed with FITC-conjugated anti-Annexin V antibody. Flow cytometry was performed using the BD LSR II Flow Cytometer, following standard protocols and manufacturer's recommendations, with 10,000 events per replicate.
Statistical analysis
All in vitro experiments were performed independently at least four times in duplicate. Results are expressed as the mean +SEM. Statistical analyses were performed with the GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) software package. Data sets were tested for parametric or nonparametric analysis, and the appropriate statistical test was selected. Data comparing inhibitor effects were analyzed using 2-factor analysis of variance followed by Tukey test.
Results
Indirect co-culture promoted VSMC proliferation, and resistin further increased proliferation via PKCε
CM from untreated macrophages slightly increased VSMC proliferation but the effect was more pronounced when macrophages were treated with resistin (Fig 1) . Resistin treatment significantly increased VSMC proliferation (P < .01). Inhibiting PKCε in macrophages, with εV1-2, prior to resistin treatment decreased the effects elicited in VMSCs (P < .05).
Macrophage secretions upregulated gene expression of proliferation and inflammation markers in VSMCs
Increased expressions of the PCNA and cyclin D1 have been identified as markers of proliferation, indicating cell cycle transition to the S phase, whereas activation of the nuclear factor kappa-lightchain-enhancer of activated B cells (NFkB) is an indicator cellular inflammation state. [15] [16] [17] In this study, we observed that CM from resistin-treated macrophages significantly increased expressions of cyclin D1 (P < .01) and PCNA (P < .05; Fig 2, A) , as well as NFkB-2 (P < .05) in VSMCs (Fig 2, B) . These effects were diminished when PKCε was inhibited, returning gene expression to levels similar to the control.
Direct co-culture stimulated proliferation, but resistin induced apoptotic transformation
We first examined various ratios between macrophages and VSMCs in direct co-culture. Macrophages (without resistin treat- Fig. 2 . Macrophage secretions upregulated gene expression of proliferation and inflammation markers in VSMCs. Gene expression was assessed in VSMCs 24 hours after respective treatments using RT-PCR. Conditioned media from macrophages treated with resistin (MΦ + Res) significantly increased cyclin D1, PCNA (A) and NFkB-2 expression (B), which were prevented by εv1-2. Data are shown as mean + SEM, *P < .05 and **P < .01. Fig. 3 . Direct co-culture stimulated proliferation, but resistin induced apoptotic transformation. (A) Various ratios of untreated VSMC:MΦ were tested in direct co-culture using the BrdU incorporation assay to asses changes in proliferative state after 24 hours. Then, treatment groups were tested at the 1:4 VSMC-to-MΦ ratio for changes in proliferation (B) and apoptosis (C) after 24 or 48 hours, using the BrdU incorporation assay or the Annexin V-FITC apoptosis assay, respectively. Data are shown as mean + SEM, *P < .05, **P < .01, and #P < .001. ment) promoted the overall proliferative state of the co-culture. A significant increase in proliferation was observed at the 1:4 VSMC:macrophage ratio (P < .01), and it leveled up at the 1:6 ratio (Fig 3, A) . Based on these results, we chose the VSMC:macrophage ratio of 1:4 for the remaining direct co-culture experiments. When resistin was added to the co-culture, the number of proliferative cells decreased after 24 hours, and it continued to decrease after 48 hours. On the other hand, the number of apoptotic cells increased, and this shift was mediated by PKCε (Fig 3, B and C) .
Direct cell-to-cell interaction allowed resistin to upregulate apoptotic markers. The shift from a proliferative to an apoptotic state was observed at the transcriptional level. After 48 hours of coculture with resistin, the gene expression of the proliferation markers did not change (Fig 4, A) , and the expression of inflammation markers was similar to that in indirect co-culture (Fig 4, B) . However, the apoptosis markers caspase 3 and caspase 8 were upregulated (Fig 4,  C) . The role of PKCε in such shift was further confirmed.
Discussion
Resistin is an inflammatory adipokine secreted from macrophages that has been associated with cardiovascular risk factors. Particularly, it has been found elevated in patients with acute coronary syndrome, 18 associated with myocardium injury, 19 and linked to increased risk of myocardial infarction. 20 However, the specific mechanism and cellular changes linking these clinical observations, relevant to plaque vulnerability and rupture, remain uncertain.
Co-culture systems composed of VSMCs and macrophages are useful platforms to study atherosclerotic plaque development. VSMC are important drivers of plaque formation by contributing to plaque thickening through migration, proliferation, and matrix-producing activities. 10 These properties also make them vital in maintaining plaque stability. VSMC apoptosis has been linked to vulnerability, 7 and cap thinning in plaques is thought to result from excessive cell death, proteolytic activity, and inflammation. 21, 22 Macrophages, on the other hand, drive the inflammatory response in plaques by secreting proinflammatory cytokines, reactive oxygen species, and prompting the expression of co-stimulatory molecules.
As these cell types play key roles in plaque formation and vulnerability, we set to address how physiologic levels of resistin (10 ng/ mL) may affect VSMC and macrophage interactions. First, we show that resistin increased VSMC proliferation in the indirect coculture system and promoted cyclin D1 and PCNA upregulation, markers of proliferation. These events were presumably the result of paracrine secretions triggered by the resistin treatment in macrophages. These observations are consistent with our recent study showing that resistin polarizes macrophages toward a proinflammatory state via PKCε, prompting increased secretion of inflammatory cytokines, 12 which may be responsible for the increased proliferation induced in VSMCs.
Second, we show that unstimulated macrophages increase proliferation in direct co-culture (Fig 3, A) , even when the number is increased to ratios representative of vulnerable plaques.
14 However, when resistin is added as stimuli in direct co-culture, cells shift from proliferative to apoptotic state (Fig 3, B) . In addition, gene expression of proliferative markers was decreased while caspase 3 and caspase 8, apoptotic markers, were upregulated. The dichotomous effects of resistin on macrophage-VSMC co-culture systems underscores the complicity of athero-genesis and atheroprogression. We have shown previously that resistin leads to VSMC dysfunction by activating NADPH oxidase and ROS production, and that it induces a proinflammatory phenotype in macrophages via TLR4, and that PKCε interferes in these processes. 12, 13 We think that these cascades of events are responsible for the shift from proliferation to apoptosis observed in the direct-co-culture. Studies have shown that macrophage-mediated VSMC apoptosis requires cell-to-cell junctions, 23 and that activated human monocyte-derived macrophages are capable of inducing VSMC apoptosis through Fas-Fas ligand (Fas-L) interactions. 24, 25 Boyle et al have shown that human macrophage-induced VSMC apoptosis requires nitric oxide enhancement of Fas/Fas-L interactions. 23 We previously observed that resistin at a physiologic concentration of 10 ng/mL activates nitric oxide synthase (NO) in VSMCs. 13 It is possible that direct cell-cell contact promotes Fas/Fas-L interaction in the direct co-culture system and that resistin-induced NO activation further enhanced the Fas/ Fas-L interaction, which led to apoptosis.
Overall, our study shows that resistin produces differential physiologic effects in the presence and absence of cell-cell interactions, highlighting the importance of considering multi-cellular systems when studying key cellular processes in atherosclerosis. Admittedly, the specific source of apoptotic cells is not clear and cell-tissue interaction was not investigated. Nonetheless, this is the first time that the effects of resistin were examined in the presence of cellcell interaction. Also, for the first time, we show that PKCε is an important mediator in apoptotic signals between VSMC and macrophages. Our study suggests that PKCε may represent a target for resistin-induced plaque changes.
